To predict the membrane fouling phenomena in the membrane filtration operation, the individual models derived from Darcy's law and the corresponding combined models were employed to investigate the kind of models that provided better fits. The filtration of the mixed liquid from membrane bioreactors with different sludge retention time (SRT) at a constant pressure was carried out. The variation of applied pressure had significantly effect on the kind of the individual model provided better fit for the data at longer SRT and less effect for the data at shorter SRT, though it had less effect on the kind of the combined model that provided better fit. The kind of model that provided better fit did not change when the concentration of the diluted mixed liquor was at a certain range, even though the dilution ratio would lead to the variation of the prediction results. The cake-standard model and the complete-standard model provided good fits at different pressure and at different dilution ratio, respectively. The cake-standard and complete-standard models may be applicable to systems where these models are consistent with the experimentally observed fouling mechanisms.
INTRODUCTION
As an innovative technology for water reuse (Purnell et al. ) , membrane bioreactor (MBR) may be a key process to global water sustainability in the future (Mitra et al. ) . The market for the MBR process has been promoted by a combination of increasing water scarcity and increasingly stringent legislation (Cheong et al. ) . Over the past two decades, MBR has been widely used for treating wastewater (Bella et al. ; Deowan et al. ; Mitra et al. ) . However, the major obstacle that hampers MBR application is membrane fouling, resulting in flux decline and the increase in membrane replacement cost (Oh et al. ; Cheong et al. ; Deowan et al. ) . Thus, membrane fouling should be further reduced by better control. Most current MBR studies aim to identify, investigate, control and model the membrane fouling (Deowan et al. ) .
Membrane fouling is caused by the interaction between the membrane and a complex mixture comprising suspended solids, colloids and macromolecules (Lee & Kim ; Dalmau et al. ) . Many studies have tried to develop models for the characterization of membrane fouling mechanisms to prevent it from occurring (Charfi et al. ) . Blocking filtration laws had been first studied by Hermans and Bredee (Hermans & Bredée ) . The blocking laws developed to investigate the constant pressure filtration power-law non-Newtonian fluids were intermediate, standard and complete blocking filtration laws (Hermia ; Hermia ) . In a typical filtration process, there are four key membrane fouling mechanisms (Bowen et al. ; Griffiths et al. ) : (i) standard blocking: small particles pass into the membrane pores and a finite number adhere to the walls causing pore constriction; (ii) intermediate blocking: larger particles land on the membrane surface and partially cover a pore; (iii) complete blocking: larger particles land on the membrane surface and cover a pore entirely; (iv) caking: a layer of particles builds up on the membrane surface, which provides a resistance in the form of an additional porous medium, and through the layer the feed also permeates. However, a comprehensive model requires coupling different kinds of model due to the complex effects of operational condition on fouling mechanisms. with experimental data for the constant pressure filtration of bovine serum albumin solutions with the concentration ranging from 0.5 to 5 g/L at 5.5-55 kPa (Ho & Zydney ) . The theoretical model could offer a much more complete and rigorous description of the fouling behavior. A mathematical model accounting for all three classical fouling mechanisms, including pore blockage, pore constriction and cake filtration, was developed to describe flux decline behavior. This model was able to assess the relative importance of each fouling mechanism by the ratio of characteristics fouling times, providing more information about the filtration as compared to a single mechanism model and its derivative plots (Duclos-Orsello et al. ) . The five fouling models accounted for the combined effects of the different individual fouling mechanisms were generated for the fit of the data from the sterile filtration of IgG and the virus, respectively. The combined cake-complete model provided good fits of both experimental data and each of the other individual model predictions. The combined cake-standard and cake-intermediate models also provided good data fits. The five fouling models derived from Darcy's law were cake-complete, cake-intermediate, complete-standard, intermediate-standard and cake-standard model (Bolton et al. ) . Based on pore blockage, cake filtration and pore constriction mechanisms, a combined mechanistic fouling model was developed to account for the synergistic effects of the mixed liquor in MBR on fouling process. The model showed good fitting with experimental data and was valid in predicting the actual flow rate declining process. The parameter value proposed in this model can explain the combined fouling mechanism and serve as a reference for further refinement of the parameter value (Wu et al. ) . The combined model was explored to explain the complex fouling mechanisms in MBR by combining four constant-flow rate fouling mechanisms derived from Darcy's law into one mechanistic model (Kim et al. ) . It provided better prediction and reflected the combined effects of each individual fouling mechanism. Thus, the proposed model may provide the operational guidance of MBR process.
In order to investigate the type of fouling model for the mixed liquor from the MBR in this work, experimental data versus time obtained at a constant pressure fitting to different theoretical models were used. The effects of applied pressure, the ratio of mixture dilution and sludge retention time (SRT) on prediction variation of the models were also studied in terms of the individual and the combined models.
MODELING
The flow-rate (Q) through the membrane can be calculated by using Darcy's law (Bolton et al. ) .
where P is transmembrane pressure, A is membrane area, R is membrane filtration resistance and μ is the solution viscosity.
Individual mechanistic fouling models
According to Bolton (Bolton et Table 2 . There is one mechanism which plays a dominant role in the combined mechanisms. For example, in the cake-complete model, when K c is low, fouling models are mainly dominated by the complete model. When K b is low, fouling is mainly caused by the cake model. The rest of the combined mechanistic fouling models can also represent the dominant fouling mechanism in terms of the individual fitted parameters. 
Standard model
Intermediate model
MATERIAL AND METHODS

MBR setup
Four laboratory-scale MBRs for a long-term filtration operation in parallel were carried out with the filtration cycle of 10 min (8 min on and 2 min off) at a constant flux mode (10 L/(m 2 h)) for 200 days. Polyvinylidene fluoride (PVDF) hollow fiber membrane with an effective area of 0.3 m 2 and pore diameter of 0.22 μm was used. The difference between the four MBRs was the SRT set as 10, 20, 40 and 90 d, respectively.
Constant pressure filtration experiment
The flat sheet PVDF membranes (0.22 μm) with an effective area of 42.98 cm 2 were used. The dead-end cell equipped with a porous support on which the flat membrane was placed. A nitrogen gas cylinder was used to pressurize the system to the desired pressure. The applied pressure was set as 10, 30, and 50 kPa, respectively. The mixed liquid sampled from the four MBRs almost at the same time (120-125 d) was the feed for the dead-end filtration. They were named as Mix-A, Mix-B, Mix-C and Mix-D, respectively, and the corresponding properties were presented in Table 3 . The data of filtered volume versus time was recorded using a digital balance. Each filtration test was carried out in triplicates.
RESULTS AND DISCUSSION
Prediction of individual mechanistic fouling models
Fits for the mixed liquor at different SRT 250 mL of mixed liquor were permeated versus time at 30 kPa. The fit results of the four individual models and the experimental data are illustrated in Figure 1 . The best fit was determined by the sum of squares due to error (SSE) and the credibility of simulation models in terms of Mix-A 6.1 ± 1.10 9.3 ± 0.747 9.5 ± 0.67 1.0 ± 0.05
Mix-B 13.5 ± 1.41 15.6 ± 0.67 13.0 ± 1.06 1.31 ± 0.03
Mix-C 21.6 ± 1.40 26.6 ± 1.42 28.9 ± 1.82 6.2 ± 0.06
Mix-D 24.3 ± 0.75 31.8 ± 1.81 38.9 ± 0.77 8.3 ± 0.05 determination coefficient (DC). The good fits of the data had higher DC and lower SSE as shown in Figure 1 and Table 4 . It is clear that the complete blocking model and standard blocking model provided the fits that were not as good as the other two models. The fit of the intermediate blocking model was slightly better than the fits of the caking model for the data of Mix-A, Mix-C and Mix-D, and the prediction results of these two models were opposite to the fits for the data of Mix-B. The intermediate blocking model and cake filtration model provided relatively better fits for the data of Mix-A, Mix-B, Mix-C and Mix-D. It is noted that the properties of the mixed liquid may have no relation with the models that provided better fits. The effect of dilution ratio of the mixed liquor on the model providing better fits will be discussed in the following section.
Fits for the mixed liquor at different applied pressure
The effect of applied pressure on the fit variation of the models was also carried out at 10 kPa and 50 kPa, respectively. The permeate volume of the mixed liquor versus time was recorded and each model prediction results are shown in Figure 2 . The values of model fit error for the individual models are also listed in Table 4 .
As can be seen, the intermediate blocking model provided better fits at 10-50 kPa for the data of Mix-A than those of the other individual model. The cake filtration model provided far better fit than other individual models at 10 kPa, which was similar to the fits of the data at 30 kPa. However, the caking model provided the fit that was not as good as other three models at 50 kPa, and the standard model provided far better fit for the data of Mix-B. The standard blocking model provided good fit for the data of Mix-C at 10 kPa, which was different from the better fits of the data at 30 kPa and 50 kPa. At 50 kPa, the intermediate model provided a very good fit similar to its fit at 30 kPa. The caking model and intermediate blocking model provided relatively good fits for the data of Mix-D at 10 kPa, and the result was similar to the fits of the two models at 30 kPa. While the cake filtration model provided better fit for the data at 10 kPa. The fit of the standard blocking model for the data at 50 kPa was as good as the fit of the complete blocking model, and the two models provided better fits than those of the caking model and intermediate blocking model.
It can be concluded that for Mix-A, applied pressure variation would not change the credibility of the intermediate blocking model. The model provided better fit for the data of Mix-B at 10 kPa and 30 kPa was caking model, but at 50 kPa the credibility of caking model decreased and those of the other individual models increased. Among the individual models, the standard blocking model provided better fit. For Mix-C, the standard blocking model provided better fit for the experimental data, and the fit of intermediate blocking model was better at 30 kPa and 50 kPa. The caking model provided better fit for the data of Mix-D at 10 kPa. When the applied pressure was up to 30 kPa, the intermediate blocking model provided good fit. The standard blocking model and the complete blocking model provided the same fits, and they were better than the other two models at 50 kPa. It is inferred that applied pressure has a significant effect on the kind of model providing better fits at longer SRT and less effect on the better model type at short SRT.
Fits for the mixed liquor at different concentrations
The effect of the mixed liquor concentration on the fit result of the models was investigated at 30 kPa. The concentration of diluted mixed liquor was set as 75%, 50% and 25% of the original mixed liquor. For example, 75% concentration means that ¾ of the total volume corresponds to the mixed liquor sampled from MBR diluted with ¼ of ultrapure water. The data of permeate volume versus time and the fit data of diluted Mix-C and Mix-D are shown in Figure 3 . The model fit errors are presented in Table 5 .
Unlike the fits of original mixed liquor (as shown in Figure 1(c) ), the prediction results of the four individual models for the data of 75% diluted Mix-C were close to each other, though the complete blocking model provided better fit than those of the other models. Meanwhile, the fits of the four individual models for the data of 50% and 25% diluted Mix-C were also almost the same as each other. Based on SSE, the complete model provided better fit among the models. Similar to the fit result of original Mix-D (as shown in Figure 1(d) ), the complete model and standard model provided the fits that were not as good as the other two models for the data of 75% and 50% diluted Mix-D. The cake model and the intermediate model provided better fits for these two diluted mixtures, respectively. The fit results of the four models for the data of 25% diluted Mix-D were close to each other, and the complete model provided better fit than other three models.
It is clear that the model provided better fits for the data of diluted Mix-C was the complete model, which was different from the better fit provided by the intermediate model for the data of original Mix-C.
Meanwhile, at the lower concentrations of 50% and 25% dilution ratios, the prediction results of the fit by the individual models were close. The results indicated that the model providing better fit would not be influenced by the variation of the mixture concentration at a certain range. However, the cake model, intermediate model and complete model provided better fits for 75%, 50% and 25% diluted Mix-D, respectively, which suggested that variation of mixed liquor concentration could affect the kind of model providing better fit. Therefore, the change of the mixed liquid concentration led to the variation of fit model providing better fit, and may not be for the data of diluted mixed liquor at a certain concentration range.
Prediction of combined mechanistic fouling models
Fits for the mixed liquor at different SRT In order to compare the credibility of the combined models with the four individual models, the predicted results of the combined models for the experimental data of Mixes-A, B, C and D at 30 kPa are shown in Figure 4 . The values of model fit error obtained are presented in Table 6 .
As shown in Table 6 and Figure 4 , the best fit of the data for the combined models had a lower SSE value than that of the other ones. It is clearly seen that the complete model The contributions of each individual model to the combined mechanistic models were evaluated from the magnitudes of the fitted parameter. The terms k c J 0 , k i , k s and k b /J 0 have units of m À1 and their contributions to the combined models are similar in terms of similar magnitude. The contributions of the combined model provided better fit were calculated from the fitted parameters and it was presented as an absolute value in this work. For Mix-A, Mix-C and Mix-D, the values of the ratio K c J 0 /K s for the cake-standard model were 1.16 × 10 À5 , 2.80 × 10 À6 and 1.61 × 10 À6 , respectively, indicating that the standard model was a major component of each combined models. For Mix-B, the value of the ratio K i /K s for the intermediate-standard model was 47.2, suggesting that the intermediate model was a major component of the combined models.
According to the discussion above, the cake-standard model provided better fits for the data of different from those of the other three mixtures. It is inferred that the sludge bulking observed in the MBR influenced the properties of the Mix-B and it was responsible for the result.
Fits for the mixed liquor at different applied pressures
The prediction of the combined models for the data of the mixture at 10 kPa and 50 kPa is obtained and shown in Figure 5 . The fit errors of the models are also listed in Table 6 . For the data of Mix-A at 10 kPa, the cake-standard model provided far better fits than those of the other combined models, and slightly better than the completeintermediate model. ! 0.99) , and the cake-standard model provided slightly better fit for the data among them.
The fit of the complete-standard model and completeintermediate model was not better than other models. In addition, these two models provided the same fit as the corresponding standard model and the intermediate model alone, respectively. While the fits of the other four combined models were better than those of the individual models.
For the data of Mix-B at 10 kPa, the complete-standard model, the complete-intermediate and the intermediate-standard provided the fits that were not as good as the other three combined models. The credibility of the cake-standard model, cake-complete model and the cake-intermediate model was over 0.99. The cake-complete model provided the same fit as the cake-intermediate model, and both of them were slightly better than the cake-standard model. The fit of the cake-standard model was slightly better than that fit of the cake model alone. The fit of the cake model was very close to the fit of the cake model combined with the standard model. At 50 kPa, the cake-complete model and the complete-standard model provided far better fits than the other four combined models, and the former model provided the same fit as the latter model. The fit of cake-standard model was as good as the intermediate-standard model, and the two models provided the fits that were almost the same fit of the standard model alone. In addition, the complete-intermediate and cake-intermediate model provided the fits that were not as good as other models. For the data of Mix-C at 10 kPa, the credibility of the cake-complete and cake-standard model was over 0.999. Thus, the cake-complete model provided a far better fit that was as good as the cake-standard model, and slightly better than the intermediate-standard model. The credibility of the intermediate-standard model and complete-standard was over 0.99. The complete-intermediate model and the cake-intermediate model provided the fits that were not as good as the other four models, though the credibility of the two models was very close (DC values ! 0.98). The standard model combined with complete model provided the same fit as the standard model alone. In addition, the combined model provided better fits than those of the four individual models. At 50 kPa, the combined models provided good fits for the data (DC values ! 0.99) than the individual model. The complete-standard model provided a fit that was not as good as the other five combined models, and the fits of the other five combined models were very close to each other, while the fit of the cakestandard model was slightly better. The complete-standard model provided the same fit as the standard model alone. For the data of Mix-D at 10 kPa, the cake-standard model provided far better fits for the data than other models. The credibility of the cake-complete model, cake Additionally, the complete-standard model and the complete-intermediate model provided the fits that were not as good as the other four combined models. At 50 kPa, the cake-intermediate model provided the fit that was not as good as the other five combined models. And the fits of the five combined models were better than the fits of the individual models. The complete-standard model provided far better fit for the data than other combined models. In addition, the cake-standard model provided almost the same fit as the cake-complete model.
The contributions of the combined models that provided far better fits were also calculated for the data at 10 kPa and 50 kPa. For the data of Mix-A, the values K c J 0 /K s and K i /K s for the cake-standard model and intermediate-standard model were 5.43 × 10 À5 for 10 kPa and 115 for 50 kPa, respectively, which indicated that the standard model and intermediate model were the major component of each combined model. For the data of Mix-B at 10 kPa, the values K c J 0 /K s , K c J 0 2 /K b and K c J 0 /K i for the cake-standard, cakecomplete and cake-intermediate models were 118, 134 and 138, indicating that the cake model was the major component of each of the combined models. At 50 kPa, the values K c J 0 2 /K b and K b /J 0 /K s for the cake-complete model and the complete-standard model were 0.638 and 1.43, respectively, indicating the complete blocking was a major component of each of the combined models. For the data of Mix-C, the values K c J 0 /K s for the better fit of the cakestandard models were 4.82 × 10 À2 at 10 kPa and 0.636 at 50 kPa, respectively, which suggested that the standard model was the major component of the combined models. For the data of Mix-D at 10 kPa, the value K c J 0 /K s for the better fit of the complete-standard model was 5.68 × 10 À7 , and the standard model was the major component. At 50 kPa, the value K b /J 0 /K s for the complete-standard model was 1.06, indicating that the contributions of the two component models were similar.
It can be concluded that for Mix-A, except the combined models that provided the same fit as the standard model or the intermediate model, the credibility of the other combined models increased as the applied pressure increased. In addition, at the pressure of no more than 30 kPa, the cake-standard model provided better fit and the standard model was the major component of the combined model. At the pressure up to 50 kPa, the intermediate-standard model provided the better fit and the intermediate model was a major component of the combined model. For Mix-B, the cake model combined with other three individual models, the intermediate-standard model and the cakecomplete model provided better fits for the data at 10 kPa, 30 kPa and 50 kPa, respectively, and the cake model, the intermediate model and complete model were the major components of the corresponding combined models. For Mix-C, the cake-standard model provided better fit for the data at 10 kPa, 30 kPa and 50 kPa, and the standard models were the major components of the combined models. For Mix-D, the cake-standard model provided better fits for the data at 10 kPa and 30 kPa, and the standard model was the major component of the combined model. The complete-standard provided better fit for the data at 50 kPa, and the two individual models were the major components of the combined model. It is inferred that the cake-standard provided better fits for most of the data at different applied pressures, and the variation of the pressure had less effect on the combined model that provided better fit than that of the individual models.
Fits for the mixed liquor at different concentrations
The combined models were applied to fit the filtration data of diluted Mix-C and Mix-D at 30 kPa. The data and model fits are presented in Figure 6 . The values of DC and SSE are shown in Table 7 .
It is observed that for the data of 75% diluted Mix-C, the credibility of the complete-standard model and the complete-intermediate model were over 0.99. The fit of the former model was slightly better than the fit of the latter model. Meanwhile, the complete-standard model and the complete-intermediate model provided far better fits than the fits of the other four combined models. Except the cake-complete model, the other five combined models provided better fits than all the individual models.
In The contributions of the component models to the combined models were evaluated from the magnitudes of the fitted parameters. The values of K b /J 0 /K s for the better fit of the complete-standard models for 75%, 50% and 25% diluted Mix-C were 1.46, 0.83 and 19.2, respectively, indicating that complete model, standard model/complete model and complete model were the major components of each combined models. The values of K i /K s , K c J 0 /K s and K b /J 0 /K s for the better fit of the intermediate-standard model, the cake-standard model and the complete-standard model for the data of 75%, 50% and 25% diluted Mix-D were 0.511, 5.82 × 10 À6 and 1.23, respectively. This suggested that the standard model, standard model and complete model/ standard model were the major components of the corresponding combined models.
The complete-standard model provided better fits for the data of 75%, 50% and 25% diluted Mix-C, and the complete model, standard model/complete model and complete model were the major components of the combined models, respectively. Although the cake-standard model provided better fit for the data of Mix-C (as indicated in Figure 4(c) ) and the standard model was the major component of the combined model. For the data of Mix-D (as indicated in Figure 4(d) ), the cake-standard model provided better fit and the standard model was a major component of it. The intermediate-standard model, the cake-standard model and the complete-standard model provided better fits for the data of 75%, 50% and 25% diluted Mix-D, respectively, and the standard model, standard model and complete/standard model were the major components of the corresponding combined models.
It is noted that the standard model combined with other three individual models provided better fits for the original and diluted Mix-C and Mix-D, and either the standard model or the complete model was the major component of the combined models. It is inferred that in the context, the dilution of the Mix-C would affect the kind of model provided better fit. However, when the concentration of the diluted mixed liquor was at certain range, the kind of model provided better fit was not change. Moreover, the individual model as the major contribution component of the combined model would not change.
CONCLUSIONS
The applicability of the models to data for the filtration of mixed liquor from the MBRs was tested. The effect of applied pressure and the dilution ratio on the kind of individual or combined models that provided better fits were examined by the sum of squares due to error and DC. The combined model predictions exhibited higher credibility than those of individual models, which were validated by most of the experiment results obtained from the mixed liquor from the MBR at different SRT through the PVDF membranes. The cake-standard model provided good fits for the data of the mixed liquor at different pressure. The complete-standard model provided better fits for the diluted mixtures. In addition, the obtained magnitudes of the fitted parameters showed that the standard blocking model made a main contribution to the model combined with cake filtration model and complete blocking model. Whether one of the combined models is suitable for all the conditions in this work needs further research. 
